Sexually antagonistic genetic variation can pose limits to the independent evolution and adaptation of the sexes. The extent of sexually antagonistic variation is reflected in the intersex genetic correlation for fitness (r w FM ). Previous estimates of this correlation have been mostly limited to populations in environments to which they are already well adapted, making it difficult to gauge the importance of sexually antagonistic genetic variance during the early stages of adaptation, such as that occurring following abrupt environmental change or upon the colonization of new habitat. Here we assayed male and female lifetime fitness in a population of Drosophila serrata in four novel laboratory environments. We found that r w FM varied significantly across environments, with point estimates ranging from positive to negative values of considerable magnitude. We also found that the variability among estimates was because, at least in part, of significant differences among environments in the genetic variances of both male and female fitness, with no evidence of any significant changes in the intersex covariance itself, although standard errors of these estimates were large. Our results illustrate the unpredictable nature of r w FM in novel environments and suggest that, although sexually antagonistic genetic variance can be pronounced in some novel environments, it may have little effect in constraining the early stages of adaptation in others.
INTRODUCTION
Dioecious populations are typically faced with a fundamental evolutionary problem: sexually homologous traits are frequently subjected to sex-specific selection in which different trait values are favored in males and females, yet trait expression in each sex has shared genetic underpinnings. Under such conditions, alleles at a particular locus may confer opposite fitness consequences when expressed in either sex Bedhomme and Chippindale, 2007; Bonduriansky and Chenoweth, 2009) , generating intralocus sexual conflict in which the adaptive evolution of one sex is impeded or limited by the other (Lande, 1980; Rice, 1984) . Recent reviews suggest that sexually antagonistic selection may be common in natural populations (Cox and Calsbeek, 2009) and that the intersex genetic covariance for phenotypic traits is generally positive (Poissant et al., 2009) , indicating considerable potential for ongoing intralocus conflict. Consistent with this, it is becoming increasingly clear that populations often harbor sexually antagonistic genetic variance for fitness (e.g., Chippindale et al., 2001; Fedorka and Mousseau, 2004; Pischedda and Chippindale, 2006; Qvarnström et al., 2006) .
The intersex genetic correlation for fitness (r w FM ) is calculated as the ratio of the additive genetic covariance for fitness between sexes to the geometric average of male-and female-specific additive genetic variance for fitness, thus providing a standardized measure of the similarity of the additive effects of alleles on the fitness of the sexes. Empirical estimates of the intersex genetic correlation/covariance for total fitness are limited to a few studies, in general providing evidence for a negative genetic covariance (e.g., Chippindale et al., 2001; Qvarnström et al., 2006; Foerster et al., 2007; Delcourt et al., 2009) . To date, however, little is known regarding how the genetic architecture for fitness is manifested in novel environments-that is, the role of sexually antagonistic genetic variation during the initial stages of adaptation. Novel environments can result in displacement of phenotypic optima of (i.e., changes in selection on) one or both sexes, as well as affect the genetic basis of trait expression. Consequently, for alleles that are segregating in a population in a novel environment and upon which the initial stages of adaptation depend, additive effects may vary in one or both sexes and this may cause changes in the additive genetic covariance.
It is important to note that the magnitude (but not the sign) of intersex genetic correlation within a particular environment depends also on the sex-specific genetic variances. That is, observed environmental differences in the magnitude of the correlation could be simply attributable to the environmental effects on the respective (sex-specific) genetic variances. Predicting the effects of a novel environment on the expression of genetic variance is difficult because there are numerous theoretical (and biologically plausible) possibilities and empirical data are equivocal, with documented instances of both inflation and contraction of variances attributable to environmental effects (e.g., Hoffmann, 1998, 2004; Hoffmann and Merilä, 1999; Fowler and Whitlock, 2002; Charmantier and Garant, 2005) . However, a simple expectation is that r w FM may vary as a function of absolute fitness, with the extent of sexually concordant genetic variance being positively related to distance from the optimum (e.g., a positive r w FM when a population is far from a fitness peak, and hence at low fitness, characteristic of the early stages of adaptation). Lande (1980) showed how, in dioecious populations where males and females have separate optima, intersex genetic correlations can slow the rate at which mean fitness (i.e., male and female, jointly) increases. Although adaptation is initially rapid due to alleles with sexually concordant effects, as these alleles become fixed the response slows and the remaining genetic variance is characterized by negative intersex correlations (Chapman et al., 2003; Bonduriansky and Chenoweth, 2009) . By extension, the r w FM observed in novel environments might also be expected to vary with the absolute fitness of the population in each, whereby relatively harsh environments tend to reveal sexually concordant genetic variation, whereas in relatively benign ones sex-specific (and potentially sexually discordant) genetic variance figures more prominently.
Formal examinations of environmental effects on the r w FM are rare, although a recent study (Delcourt et al., 2009 ) showed a significant negative correlation in a population of laboratory-adapted fruit flies (Drosophila serrata), irrespective of whether it was assayed in the standard laboratory conditions to which it was adapted or in a novel laboratory environment. Whether this result reflects a fundamental property of sexually antagonistic variation, or merely documents r w FM peculiar to this population and/or these two environments, is not clear. The present study extends this work to provide additional insight into the degree of environmental dependence in the expression of r w FM . This was achieved by employing a set of inbred lines, founded from a wild D. serrata population, to evaluate the genetic correlation between male and female fitness in four different novel laboratory environments.
METHODS

Source populations and inbred lines
Inbred lines of D. serrata were derived from a population in St Lucia, Brisbane, Australia. Lines were created by imposing single-pair full-sibling mating for 10-16 generations (inbreeding coefficient, FX0.886, Falconer and Mackay, 1996) . To corroborate that the inbreeding protocol was successful, these lines were screened and conservatively scored at three microsatellite loci, Dser15, Dser72 and Dser16, using the protocol described in Frentiu and Chenoweth (2008) . Lines that exhibited heterozygosity at two loci (none were heterozygous at all three) were excluded from the subsequent fitness assays.
From the remaining lines we created a set of unique and repeatable F1 genotypes to recover the range of the genetic variation present in the sampled wild population (from which the lines originated) while avoiding the extreme levels of homozygosity that result from the inbreeding protocol. This was achieved by crossing males from each of 42 inbred lines with females from three other (arbitrarily chosen) 'reference' inbred lines. Because the population was maintained as separate isofemale lines upon collection, and inbreeding was initiated soon thereafter, these inbred line crosses largely recover wild genotypes with little opportunity for adaptation to laboratory conditions. For the purpose of the fitness assays (described below), we also used an outbred laboratory-adapted stock population (described in Rundle et al., 2006 and Chenoweth et al., 2008) into which a visible recessive orange-eyed mutation had been introgressed (see Delcourt et al., 2009) . Populations of these mutants were reared in bottles (containing 100 ml of food medium) corresponding to each environment and from these, virgin flies were drawn for use as competitors in the fitness assays described below.
Fitness assays and environments
Fitness was assayed in four environments, three involving different food media consisting primarily of either yeast, corn flour or rice flour (following the recipes in Rundle et al., 2005) , and a fourth in which table salt was added (8 g l À1 ) to the standard yeast medium. Hereafter, the environments are referred to as yeast, corn, rice and salt, respectively. For each of the three reference lines, six females mated to a corresponding inbred line male were allowed to oviposit sequentially for 24 h in each environment. The F1 offspring resulting from these inbred line Â reference line crosses were collected as virgins (i.e., within 24 h of eclosion) using light CO 2 anesthesia and maintained separately by sex under their respective environmental conditions (i.e., corn, rice, yeast or salt) before assaying male and female fitness. Likewise, orange-eyed male and female mutants were reared in each of the four environments, collected as virgins and maintained in vials of the corresponding medium until use in assays.
Fitness was measured in a competitive assay by aspirating a single male or female F1 individual into a vial containing 10 ml of the appropriate medium. Within 1 min, two orange-eyed mutant competitors of the same sex and two virgin mutants of the opposite sex (all reared in the same environment and of the same age range) were added and flies were allowed to interact (i.e., mate and oviposit). After 48 h, all adults were discarded and a small (approximately 2 Â 5 cm) piece of blotting paper was added to facilitate pupation. All resulting offspring that emerged from these vials were removed and counted for 14 days following the first eclosion.
The fitness assays were conducted in two blocks (block 1: n ¼ 18 lines; block 2: n ¼ 24 lines). Owing to low absolute fitness in the rice environment in the first block, and because our goal was to estimate environment effects on genetic (co)variances (as opposed to absolute fitness), we permitted the interaction to last an extra 24 h in the rice environment in the second block. Five replicate vials were set up for each combination of genotype, environment and sex (see Figure 1 ). This measure of fitness combines, in a competitive environment, adult reproductive success (e.g., male pre-and post-copulatory reproductive success, female fecundity) and the subsequent survival to emergence of their offspring. In all, 30% of the vials failed to yield any offspring (wild type and mutant) and were thus discarded, resulting in a total of 3542 individual fitness measures included in the analyses (2265 for females and 1277 for males). Competitive fitness was calculated as the number of wildtype offspring produced minus the number of orange-eyed offspring produced. The distributions of sex-and environment-specific competitive fitness were approximately normal (Supplementary Materials S1); these measures were therefore not transformed, preserving their original scale (Houle et al., 2011) and thus facilitating comparisons across environments.
Statistical analyses and estimating genetic covariances
The additive genetic (co)variance matrix for male and female fitness (i.e., G) was estimated at the inbred line level by considering fitness of each sex in each environment as separate traits. Our initial analysis provided an overall test for genetic variance in fitness across sexes and environments, and assessed the Figure 1 Schematic representation of the experimental design. Each inbred line was crossed to three reference lines and produced offspring in each of four novel environments (represented by different shapes) for which competitive fitness was measured for five female (open) and male (shaded) offspring. This was performed for a total of 42 inbred lines.
Intersex genetic correlations across environments D Punzalan et al effects of the reference lines (i.e., the genetic backgrounds) on these estimates. Accordingly, observed variation was partitioned into components attributable to various effects via the following mixed model, fit using restricted maximum likelihood via the Mixed procedure in SAS v. 9.2 (Cary, NC, USA):
where m is the population mean, Y ijk corresponds to the fitness of the ith offspring, of sex (S) from block (B) and environment (E), and derived from the jth maternal reference line (R) and the kth paternal inbred line (X). e is unexplained error. Inbred line was treated as a random effect and all other terms were fixed. Reference line and vial effects were intentionally confounded as our goal was to quantify variance at the inbred line level. Following Hine and Blows (2006) , we used a factor-analytic (FA) modeling approach to test the dimensionality of G, thereby providing an overall test for genetic variance in fitness. The FA approach finds the major (orthogonal) axes of G and estimates (co)variance parameters along each, allowing reduced rank models to be specified. The utility of the FA approach for the estimation of genetic parameters in multiple traits across multiple environments is reviewed in Meyer (2009) and its advantages include guaranteeing a positive semidefinite G (i.e., avoiding negative variances; Kirkpatrick and Meyer, 2004) , as well as providing a straightforward approach to testing dimensionality. Using the FA approach, the dimensionality of G was evaluated via a series of nested likelihood ratio tests that constrained the covariance matrix at the inbred line level to be from zero through eight dimensions, in each case evaluating whether including that particular dimension significantly improved the fit of the model (Hine and Blows, 2006) . The possibility of an inbred line Â reference line interaction was also evaluated, again using the FA approach, via a likelihood ratio test of the first dimension of this interaction when included in Equation 1. The inbred line Â reference line interaction was significant (see Results) and a reduced-rank covariance matrix at this level was therefore included in all models (likelihood convergence problems in some models prevented the fitting of an unconstrained covariance matrix at this level). This reduced-rank matrix was fixed at five dimensions in all cases, corresponding to the number of dimensions with nonzero eigenvalues at this level, to avoid problems that can arise from fitting fewer dimensions than exist in the data (Meyer and Kirkpatrick, 2008) .
Genetic variances for male and female fitness in each environment, and the genetic correlations among all of these traits, were estimated at the inbred-line level from a model employing an unstructured (i.e., full rank, non-FA) covariance matrix at this level that was parameterized in terms of correlations (i.e., using the 'type ¼ unr' statement in the Mixed procedure in SAS). Genetic covariances among all of these traits were similarly estimated using the same model except that the covariance matrix was parameterized in terms of covariances (i.e., using the type ¼ un statement in the Mixed procedure in SAS). Asymptotic standard errors were obtained for all parameters estimates. We should point out that the estimates and errors obtained using Mixed are based on restricted maximum likelihood and subject to the usual assumptions (e.g., large sample sizes and normally distributed errors); thus, bounded parameters (correlations and variances) are likely to be anticonservative compared with alternative approaches that have less restrictive assumptions (e.g., a Bayesian framework, see Hadfield, 2010) . For the sake of consistency with the other statistical models used in the present paper, we report the restricted maximum likelihood-based errors but note that the errors should be interpreted with some caution.
Our primary interest is with r w FM within each environment, along with the underlying genetic variances and intersex covariance that determine it. Therefore, to improve parameter stability and decrease computation times when testing hypotheses concerning variation in these parameters, we restricted estimation to these parameters by employing the 'group' statement at the environment level in the Mixed procedure in SAS. This eliminated the cross-environment (within and between sex) covariances, estimating only the genetic variances and covariance for male and female fitness within each of the four environments within the context of a single model.
To test whether the r w FM varied among environments, we first estimated a single best-fit (i.e., global) r w FM by pooling both male and female fitness estimates from all environments and fitting a single unconstrained 2 Â 2 covariance matrix at the inbred line level, employing the 'type ¼ unr' command to directly estimate the intersex correlation. A likelihood ratio test was then used to compare the fit of an unconstrained model, allowing separate estimates of the sex-specific genetic variances and the intersex genetic correlation for each of the four environments, with one that constrained only the intersex correlation within each environment to the same global estimate. If allowing environment-specific estimates of r w FM significantly improve the fit of the model, this provides direct evidence that r w FM varies among these environments. Finally, to identify potential sources for the among-environment variation in r w FM , we performed three separate analyses, analogous to those above, that in each case compared the fit of an unconstrained model that allowed separate estimates of the sex-specific genetic variances and their covariance within each environment with a model in which either the genetic variance in female fitness, male fitness or their intersex covariance, were respectively fixed to their respective single global estimate. This provides direct tests for among-environment variation in the genetic variance of female fitness, male fitness and their covariance, all of which contribute to r w FM .
RESULTS
The additive genetic covariance (G) matrix of environment-specific male and female fitness (Supplementary Material S2 and S3) was estimated from the competitive fitness of each sex in each environment (Table 1 ). Significant genetic variance was detected overall, with FA modeling providing statistical support for the first genetic dimension underlying male and female fitness across these environments (Table 2) , explaining 45% of the total genetic variance in fitness. The FA approach also found near-significant evidence of a second and third genetic dimension (Table 2) , explaining an additional 22% and 21% of the genetic variance, respectively. The genetic basis of male and female fitness, as estimated at the inbred line level, also differed across the genetic backgrounds of the three reference lines, as revealed by a significant inbred line Â reference line interaction (likelihood ratio test (LRT): w 2 ¼ 21.0, df ¼ 8, P ¼ 0.007). Because our primary aim was to address amongenvironment variation in the genetic covariance structure of fitness in general (i.e., as opposed to within a specific genetic background), and analyses conducted separately by reference line demonstrated significant or near-significant genetic variance for fitness in each of these genetic backgrounds despite the much smaller data sets (Supplementary Material S4), we proceeded with characterizing and testing for differences in the genetic covariance structure at the inbred line level while retaining the inbred line Â reference line interaction in all of the models.
The r w FM differed among environments, as indicated by a significant improvement in the fit of a model that allowed environment-specific estimates of r w FM as compared with one that constrained these correlations to their single best-fit global estimate (w 2 ¼ 10.37, df ¼ 4, P ¼ 0.035). Point estimates were highly variable across environments, with both negative (corn) and positive (salt and rice) correlations of fairly large magnitude being observed, although standard errors were also substantial (Table 3) . This among-environment variation in r w FM was driven by significant differences in the genetic variances of both male (w 2 ¼ 13.83, df ¼ 4, P ¼ 0.008) and female (w 2 ¼ 24.21, df ¼ 4, Po0.001) fitness, whereas there was no evidence of any significant difference in the intersexual covariances (w 2 ¼ 4.71, df ¼ 4, P ¼ 0.318).
DISCUSSION
Sexually antagonistic genetic variance has important implications for adaptation and persistence of a population, yet surprisingly little is known regarding how alleles with potentially sexually discordant fitness effects are expressed in different environments.
Here, we measured male and female competitive fitness to evaluate r w FM arising from alleles naturally segregating in an outbred, wildcollected population in four novel environments. We detected significant genetic variance overall for male and female competitive fitness. We also observed significant environmental differences in r w FM due, at least in part, to environmental differences in the magnitudes of the sex-specific genetic variances. These results illustrate the variable nature of intersex genetic correlations as well as the profound influence of environment on the relative contribution of sexually antagonistic genetic variance to total fitness. We discuss these results and their implications in more detail below.
Genetic variance in male and female environment-specific fitness We estimated genetic variance for male and female environmentspecific fitness by employing controlled crosses among inbred lines. The strengths of this approach include capturing naturally segregating genetic variance from a wild population, and the ability to generate repeatable, but not unusually inbred, offspring (i.e., paternal line Â maternal reference line) genotypes from which additive genetic (co)variances can be readily estimated. Among-line variance was assayed across three reference lines to minimize the risk of generating estimates that were peculiar to a single genetic background. We detected significant additive genetic variance for male and female environment-specific fitness, indicated by the variance among inbred lines but also a significant interaction between paternal inbred line and maternal reference line. The latter possibly reflect epistatic effects for fitness, which can have important implications for adaptation (Whitlock et al., 1995) . The apparent importance of maternal genetic effects, as well as paternal-by-maternal genetic interactions, suggest that inferences regarding additive effects need to be made across a wide range of genetic backgrounds representative of the population in question.
Environmental differences in the intersex genetic correlation
Estimates of r w FM were highly variable across environment, ranging from moderately positive to negative values of comparable magnitude (Table 3) . Differences were attributable, at least in part, to significant variation among environments in the sex-specific genetic variances (i.e., the denominator of the correlation coefficient), with quite low variances in male fitness in rice and salt in particular causing fairly strong positive values of r w FM in these environments. In contrast to the significant differences in genetic variances in both sexes, there was no evidence of significant changes in the intersex covariance (i.e., the numerator). Although some of the point estimates of r w FM differed in sign, thereby suggesting concordant differences in the sign of the intersex covariances, standard errors were large (Table 3) , and these differences in sign were not supported in specific tests of the point estimates of the covariances against zero (not shown), likely due to insufficient power. Therefore, although there is some suggestion that the covariances may differ, further exploration of this will require additional studies.
There are a number of possible explanations for the observed variation in r w FM among environments. Theory suggests that the evolutionary history of a population may have strong bearing on the covariance between male and female fitness, and more specifically, that r w FM may relate to the extent of adaptation to a particular environment (Lande, 1980) , as previously discussed. Unfortunately our present data do not allow for an explicit test of this, as the extremely low productivity in one environment (i.e., rice) necessitated longer laying periods and prevented quantitative comparisons of absolute fitness among the environments. The positive estimates of r w FM in the two environments (i.e., rice and salt) that, according to a previous study by Rundle et al. (2005) conferred relatively low fitness, are qualitatively consistent with this, as is the negative r w FM in the relatively higher-fitness corn environment. However, yeast, the standard and assumed most productive environment for laboratoryadapted stocks, did not yield a strongly negative estimate. It is possible that the wild population from which inbred lines were derived could have higher absolute fitness in corn. Alternatively, because all lines were created and maintained in the laboratory in a yeast environment, some adaptation to this environment may have occurred before, and during, the inbreeding procedure, despite our attempts to minimize this. Such adaptation may have reduced r w FM in this environment. Additional evidence of sexually antagonistic variance being more apparent in well-adapted populations comes from a recent study by Long et al. (2012) , who detected primarily sexually discordant fitness variation in experimental populations allowed to become well adapted and, conversely, sexually concordant variation in populations into which maladaptive alleles were continuously introduced. It is also likely that the nature of r w FM bears some specificity to the population and/or environments being considered (Poissant et al., 2009) . Interestingly, a previous study on D. serrata by Delcourt et al. (2009) used a paternal half-sibling/full-sibling breeding design in a laboratory population long adapted to yeast. Employing two of the same environments as used here (corn and yeast), they detected a negative r w FM in both the adapted yeast environment and the novel corn environment. We also observed a negative r w FM in corn, possibly reflecting sexually antagonistic effects peculiar to this environment. Although it is unclear as to the underlying proximate causes of such effects, they may correspond to the variation in the availability of (or ability to assimilate) limited resources; sex-specific nutritional and energetic requirements can generate sex differences in allocation to components of fitness that is ultimately environment dependent (Hunt et al., 2004; Maklakov et al., 2008; Punzalan et al., 2008 ; also see Judge et al., 2008) . That r w FM was more positive in the yeast environment in our case (as compared to Delcourt et al. (2009) , who used a population long adapted to this environment) is also consistent with an increasing proportion of sexually antagonistic genetic variation as adaptation proceeds.
Environmental differences in r w FM could also arise from differences in the relative contributions of various components of fitness to total fitness. Chippindale et al. (2001) showed, using a laboratory population of D. melanogaster, that adult-specific fitness was negatively related between the sexes despite exhibiting a positive intersex correlation during the juvenile stage. Following this example, if the different assayed environments primarily affected the contribution of juvenile fitness to total fitness, this could have strong bearing on the estimate of r w FM for lifetime fitness. Although the relative contributions of fitness components have not been determined for D. serrata, the sexually concordant genetic variance during the D. melanogaster larval stage suggests that our estimates based on lifetime reproduction may bias our estimates of r w FM toward more positive values.
CONCLUSIONS
Collectively, these data suggest that although sexually antagonistic genetic variance might be pervasive, negative genetic correlations are not necessarily characteristic of the genetic architecture underlying male and female fitness. Rather, the intersex genetic correlation can vary considerably depending on environmental conditions, the population in question, and its evolutionary history. Outstanding questions include the degree to which standing intersex genetic correlations might influence the rate of adaptation and how r w FM itself changes during adaptation. With respect to the latter, of much interest will be empirical approaches that estimate changes in intersex genetic (co)variances as populations adapt. One possibility is to estimate r w FM in a population before experimental exposure to a new environment, and then in a series of temporal cross-sections in subsequent generations. This would provide 'snap-shots' of the genetic architecture of a population at various stages of adaptation. Similarly, one could estimate r w FM in a particular population when exposed to a gradient of environments that reduced absolute fitness (e.g., increasing concentrations of salt). For some study systems, it may be possible to track both the pedigree and individual trait values in a population subject to artificial selection, thereby allowing changes in genetic (co)variances across generations to be estimated via the animal model (Kruuk, 2004) and related to changes in absolute fitness.
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